In order to ascertain the typical pattern and amount of parental care in the social vole (Microtus socialis guentheri) as well as the individual investment of the female, male, or both parents simultaneously, we studied ten primiparous females and their mates. Results revealed that out of seven parental behaviors, only crouching was correlated with litter size, suggesting that parental care was relatively independent of litter size-that is, duration of time spent with the young, licking them, retrieving them to the nest, having them attached to the female's nipples, and searching for a nipple on the male were not correlated with litter size. Individual investment of caretakers also varied, with no typical proportion of shared nurturing by the female and male. Accordingly, overall parental investment varied greatly among different sets of parents without correlation to the relative contribution of the female, the male, or both. Finally, duration and frequency of most parental behaviors declined over the course of postnatal development. Altogether, these data suggest a surplus parental investment that was probably not required for survival of offspring but might have evolved either for other purposes such as the formation of social bonds or was selected for in captivity.
Parental behavior appears in all classes of vertebrates and some invertebrates (Klopfer 1981) . However, in mammals it takes a distinctive form, because only the female produces milk to nourish the offspring. Accordingly, maternal behavior is vital and obligatory in mammals, whereas paternal behavior is relatively rare, characterizing less than 10% of mammalian species (Woodroffe and Vincent 1994) . In altricial species, daily investment is relatively high, and the female spends extended periods in the nest and in nursing the young, whereas in precocial species daily investment is relatively low, requiring only a few visits of the dam to the nest and offspring. However, in both altricial and precocial species, parental behavior can extend over considerable periods beyond the minimum required for weaning, indicating that this extension of care could have a social role in rodents (German 1990; Makin and Porter 1984) and other mammalian species (see Reinhold 2002 for review), especially primates (Altmann 1980; Epple 1978; Ingram 1977; McGrew 1988; Price 1992; Snowdon 1996) .
It has been assumed that amounts of maternal and paternal care are complementary, together fulfilling a minimal parental care required for successful maturation of offspring (Jones et al. 2002) . This assumption, however, was hypothetical, leaving open the question of what is minimal, optimal, or surplus parental care. Consequently, the question of what is an optimal litter size (Morris 1998; Sikes and Ylonen 1998) was raised, based on parent-offspring conflict (Trivers 1974) when infants try to increase parental investment, and parents adjust their investment to maximize their own net benefits by investing more in large litters and/or in high quality offspring. Parental investment is influenced by various factors such as the female's experience and body mass (Guerra and Nunes 2001; Lonstein and De Vries 2001) and available resources (Jonsson et al. 2002a (Jonsson et al. , 2002b Koskela et al. 1997 Koskela et al. , 1998 . In addition to these factors, Stern (1997) proposed that maternal behavior is modulated at three levels: 1) pregnancy-induced and parturition-induced maternal cues; 2) maternal reflexes (postpartum licking, retrieving, and nursing); and 3) infant-induced maternal behaviors. Although the first two levels ensure rapid onset of maternal behavior, maternal behavior is modulated by infant stimulation at the second and third levels. Specifically, sight, sound, and odor of young stimulate the female to contact the offspring, and once contact is established, tactile stimuli from the young to the dam's ventrum elicit maternal reflexes involved in retrieval, licking, and crouching over the litter (Stern, 1997) . Consequently, maternal behavior was expected to correlate with litter size: the more infants, the more stimulation, and therefore increased provision of maternal behavior. However, to date, findings relating maternal care to litter size have been inconsistent; in some cases, level of maternal care was higher in larger litters than in smaller ones, but in other cases it was lower (see Guerra and Nunes 2001 for review) .
In this study, we measured amount of parental care in the social (or Guenther's) vole (Microtus socialis guentheri) and its division between the female and male, in order to determine amount of parental investment and whether there is a typical pattern of sharing investment among partners. Specifically, four questions were addressed: Is there a typical amount of overall parental care? Does the amount of parental investment depend on litter size? Do the female and male share caretaking? And, does the total amount of parental care depend on a specific contribution of each parent?
MATERIALS AND METHODS
Animals.-Social voles are burrow-dwelling rodents that live in southeast Europe and north Middle East, where they feed on seeds and green vegetation. Duration of pregnancy in social voles is 21 days, occurring mainly in winter and spring (November-April). Litter size ranges from 4 to 10, and the female has 8 nipples (Mendelssohn and Yom-Tov 1999) . Observations were carried out on 10 primiparous females and their male mates, obtained from a colony of voles trapped 10 years ago near Shoham, Israel (32.08N, 34.98E; Alt. 49 m). Each pair was housed in a 120 Â 63 Â 45 cm metal cage (solid floor and top, wire mesh walls, and wood shavings as bedding), located outdoors in the yard of Tel-Aviv University research zoo under natural (uncontrolled) temperature and light conditions. Overturned ceramic pots and wooden boxes in each cage provided shelter. Seeds and diced fresh vegetables were provided daily. Years of experience in maintaining colonies of voles in our zoo have shown that provision of water is unnecessary if sufficient fresh vegetables are provided. Females and males were juveniles (about 2 months old) and were selected from different extended families of voles. During the 1st week after being introduced to the cage, the male and female were separated by wire mesh to prevent aggressive encounters. The wire mesh was removed after a week and the pair was allowed to interact. If aggression occurred, the wire mesh was replaced for another 24 h, until aggression ceased and the pair seemed to live amicably in the same shelter with no signs of aggression. All the animals used in the study were in good physical condition.
Apparatus.-Observations were carried out in an indoor cage (108 Â 46 cm, 50 cm high) with transparent glass floor, opaque walls, and open top. A mirror was tilted under the cage at an angle of 458, providing a bottom view of the cage and insides of the two overturned ceramic pots used by the voles as shelters and nests to raise their offspring. A video camera (Panasonic S-VHS NV-M9500) placed in front of the cage recorded the behavior of parents and offspring. This arrangement allowed us to observe behavior with minimal interference (Fig. 1 ). Parents were obviously larger than their infants, and because they tend to crouch above their offspring, it was possible to observe the behavior of the infants from below, against the background of the parents and their behavior. In adult voles, ventral fur is light in males and dark in females, making it easy to distinguish sexes. Cloth fabric was provided as bedding material. The apparatus was placed in a quiet air-conditioned room (258C) with natural (uncontrolled) illumination (12L:12D) during the test period.
Procedure.-Each pair of voles was transferred to the observation cage on the day of delivery (postnatal day 0). Three pairs were transferred to the observation cage 1-2 days before delivery because it was possible to see that the female was at term. The first videotaping session took place in the first 24 h after delivery, and then on alternate days until postnatal day 17; after this age, young independently emerged from the nest to explore the cage, indicating the onset of weaning (Eilam 1997) . Each videotaping session started when the bedding material (cloth) was removed from the cage and the floor was wiped to provide a clear view of parents and offspring. Because they were reared in captivity, voles were used to human hands in their cage and did not seem to be bothered. Voles returned to their baseline activity quickly. Behavior was then videotaped continuously for 40 min. All observations started 2 h before dusk, the time of peak activity in this species (Mendelssohn and Yom-Tov 1999) .
Behavioral Analysis.-A time code was recorded on the videotapes, allowing accurate identification of each frame. The time code was read into a computer using EasyReader II software, (Telcom Research, Burlington, Ontario, Canada). A custom-designed computer program allowed analysis of frequency and duration of selected behaviors. Relying on our preliminary observations and on previous studies on parental behavior (Gruder-Adams and Getz 1985; Oliveras and Novak 1986) , the following 7 behaviors were scored: time spent with young; crouching; sniffing; licking; retrieving; attached to nipples; nipple searching on the male (Appendix I). The frequency and duration of each of these behaviors were scored, together with the sex of the caretaker(s) that performed the behavior: either female alone, male alone, or both parents simultaneously. In 2 of the litters used in this study, 1 infant died during the first 2 postnatal days. Litter size in these 2 litters was considered to be the number of surviving young, thus, the 10 studied litters comprised 3 to 10 newborns.
Statistics.-Data were analyzed using repeated measures analysis of variance (ANOVA), comparing the effect of time (postnatal day), the identity of caretaker (female, male, or both parents), and the interaction of time by caretaker. To obtain a better fit to normal distribution, analysis was carried out on square root transformation of duration and on a natural logarithmic transformation of frequency. Pearson product moment correlations were conducted between the cumulative duration of each behavior and the specific contribution by each caretaker in each behavior. A Mann-Whitney U-test was performed for each behavior, comparing the 5 litters with fewer (3-4) infants with the 5 litters with greater number (5-10) of infants. In all statistical comparisons, alpha level was set to 0.05.
RESULTS
Most parental behaviors are independent of litter size and of each other.-Cross correlation between the 7 behaviors revealed that the only parental behavior that was significantly correlated with litter size was crouching (r ¼ 0.66, P ¼ 0.036). Attaching a nipple and searching for a nipple on the male, 2 behaviors performed by infants, were correlated with licking (r ¼ À0.73, P ¼ 0.017 and r ¼ 0.98, P ¼ 0.031, respectively). No other parental behaviors were correlated with litter sizes or with each other. A Mann-Whitney U-test was performed between the 5 small litters and the 5 larger litters, revealing that there was no significant difference in duration of parental behaviors between the 2 groups (Table 1) .
Sex differences and changes in parental behavior during postnatal development.-A comparison of the caretakers revealed that frequency and duration of female crouching alone was significantly higher than either male crouching alone or both parents crouching simultaneously (2-way ANOVA with repeated measures, between-group factor; F ¼ 12.42; d.f. ¼ 8, 72; P , 0.001 for duration or frequency; Fig. 2 ). Time spent with young by males alone was significantly shorter than the duration that females spent alone with young or the time both parents spent simultaneously with young (F ¼ 2.76; d.f. ¼ 8, 72; P ¼ 0.022; Fig. 2 ). However, this difference was limited to duration but not to frequency of time spent with young. There was no difference between caretakers in either frequency or duration of licking, sniffing, and retrieving (all P . 0.05; Fig. 2 ).
During postnatal days 1-17, frequency and duration of crouching, licking, sniffing, and nipple searching on the male significantly decreased (within-group factor, 2-way ANOVA with repeated measures; P , 0.005 for both frequency and duration of each behavior; Table 1 and Fig. 2 ). Retrieving increased whereas time spent with young did not change during postnatal development. Duration and frequency of young being attached to female's nipples increased until postnatal day 5, remained high until day 13, and then declined (F ¼ 9.62; d.f. ¼ 8, 72; P , 0.005 for both duration and frequency; Fig. 2 ). Nipple searching on the male occurred at high frequency during early postnatal days and leveled off thereafter (F ¼ 11.75; d.f. ¼ 8, 72; P ¼ 0.001 for both frequency and duration; Fig. 2) .
Accumulated amount of behavior as a function of sex of caretaker.-There was no significant correlation between the relative contributions of either female or male and the cumulative amount of time spent, crouching, licking, and sniffing ( Table 2 ). The total duration of retrieving was negatively correlated with young retrieving by the female and positively correlated with young retrieving by the male, reflecting a decrease in retrieving by the female in contrast to an increased retrieving by the male during postnatal development of the offspring (Table 2 ). In the relative contribution of both parents simultaneously, there was a significant correlation only with the cumulative amount of crouching. Sniffing was never observed simultaneously in both parents. Licking and retrieving occurred in low frequency and could not be evaluated statistically. The male and female typically alternated in retrieving young and were thus not observed performing this together. The contribution of each caretaker in each behavior varied among pairs. For example, in 1 pair, time spent was the longest of all pairs, with the female contributing 69%, the male 11%, and both parents simultaneously 20%. However, pairs with the 2nd and 3rd longest durations of time spent displayed entirely different relative contributions (43% female, 22% male, 35% parents; and 10% male, 16% female, and 74% parents, respectively). Thus, the contribution of each caretaker in each behavior varied among pairs.
DISCUSSION
Infants of the social vole are altricial like most murid rodents, thus requiring intensive nurturing and protection to ensure their growth and survival until dispersal. Our present findings indicate that the female and male share caretaking by spending time with the young, crouching over them, licking, and retrieving them to the nest. Duration and frequency of most of these parental behaviors decline during postnatal development. Contribution of each caretaker varied among pairs, with no typical proportion of shared parental care. Additionally, overall parental investment and investment of the female, the male, or both parents simultaneously, varied greatly among different pairs.
Changes in parental behavior during postnatal development.-The present results show that parental behaviors in social voles changed during postnatal development. Specifically, crouching, licking, sniffing, and nipple searching on the male decreased; retrieving increased; and having infants attached to nipples first increased and then decreased. This finding is in agreement with previous studies in rats and other vole species, which report an overall decrease in parental behavior during the postnatal period Ader 1969, 1974; Lonstein and De Vries 1999; McGuire and Novak 1984; Oliveras and Novak 1986; Reinhold 2002; Reisbick et al. 1975; Solomon 1993) . Unlike other parental behaviors, time spent with young did not change during postnatal development, probably because the nest is the normal home site of adult voles even when there are no infants.
In order to afford infant access to the nipple area and to provide a relatively warm and protective environment, the female crouches over offspring in a posture termed kyphosis (Stern and Johnson 1990) . Indeed, we found that crouching was performed significantly more by the female than by the male or by both parents simultaneously. As indicated previously (Eilam et al. 1999 ; Stern and Johnson 1990), crouching, via contact of dam's ventrum with offspring might stimulate suckling in the early postnatal period during which infants do not display suckling when the female is lying beside them. Older infants, however, do not seem to need stimulation from the crouching posture and display suckling when the dam is resting on her side with exposed nipples (Eilam et al. 1999; Stern 1996) . Thus, frequency and duration of crouching decreased during postnatal development and was correlated with a decrease in attaching. On postnatal days 1-5, parents crouched over offspring 67% of their time at the nest, compared to 48% of their time on postnatal days 6-17.
Licking young, which is sometimes considered as part of grooming (McGuire and Novak 1984, 1986; Solomon 1993) , facilitates blood circulation of infants and in turn supports thermoregulation and activates the infants ( Eilam and Smotherman 1998) . Licking the anogenital region of infants induces them to urinate and defecate (Rosenblatt and Lehrman 1963) . Although licking decreased during postnatal development, it did not disappear entirely at weaning, when the above functions were no longer required. Therefore, licking probably has an additional, social role, in maintaining the bond between parents and offspring.
These changes in parental behavior reflect extensive changes that infants undergo during postnatal development. They are born furless and relatively immobile, with closed eyes, and are poorly supported by their limbs. Within 3 weeks they become weanlings that resemble miniature adults (Eilam 1997 ) with a high level of activity that is hardly matched later in life (Spear and Barke 1983) . These changes probably affect parental behaviors, such as retrieving (Lonstein and De Vries 1999; present study) . In the early postnatal period, when infants are relatively immobile (Eilam 1997) , retrieving mainly occurred after infants had been involuntarily dragged out of the nest while attached to the female's nipples. During that time, frequency of retrieving was high in the female and low in the male. Later in the postnatal period, when young had already gained motor capacities that allowed them to leave the nest independently, frequency of retrieval by the male increased, while retrieval by the female decreased. A similar change was noted in prairie voles (Microtus ochrogaster- Lonstein and De Vries 1999) and was explained by a higher level of young activity along with a decreased willingness of young to stay with the male during the 2nd postnatal week. With the exception of the time spent with young that remained relatively constant, and retrieving which increased, our findings agree with previous studies that demonstrate decreased parental activities during postnatal development. The effect of litter size.-In the present results, crouching was positively correlated with litter size, as in laboratory rats (Stern 1996 (Stern , 1997 Stern and Johnson 1990) . However, other parental behaviors measured in this study did not correlate with litter size, reflecting a complex link between parental care and litter size. Indeed, previous studies provide conflicting information on the correlation between litter size and parental behavior, indicating that diverse factors might affect parental, and especially maternal behaviors. For example, sniffing and licking in Mongolian gerbils (Meriones unguculatus- Elwood and Broom 1978) , and offspring defense in female bank voles (Clethrionomys glareolus) increase with litter size (Jonsson et al. 2002a ), but the time that hamster mothers spent in contact with their offspring ( decreased with increased litter size (see Guerra and Nunes 2001 for discussion on conflicting evidence on effect of litter size). Although a positive correlation between maternal behavior and litter size is probably based on direct stimulation by infants (for review see Stern 1997) , maternal investment is also modulated by anatomical, social, and environmental factors such as social rank, food supply, and dam's body mass (Jonsson et al. 2002a (Jonsson et al. , 2002b Lambin and Yoccoz 2001; Lonstein and De Vries 2001; Morris 1998; Parker and Lee 2001) , and these factors could limit the investment in larger litters. Moreover, in small mammals, parents might increase the investment in small litters above that seen in larger litters in order to produce high quality individuals (Mendl 1994) . All in all, whereas maternal investment in large litters might be increased by direct stimulation from infants, it might also be constrained by other factors.
Biparental care and amount of parental care received and needed by young.-Reproduction in mammals is characterized by high maternal investment in young (Clutton-Brock 1991), resulting in conflict in which offspring are selected to demand higher parental investment than the parents are selected to spend on them (Godfray 1995; Trivers 1974) . Previous work has suggested that biparental care is stable when parents can only partially compensate for decreased effort by their mates, and full compensation is expected to lead to uniparental care (Jones et al. 2002) . Therefore, in a stable biparental care system, each partner shares the work while investing sufficiently so that the partner will not abandon the biparental bond (Jones et al. 2002) . Because maternal care is compulsory in mammals, it has been assumed that the male merely complements the investment of female (Kempenaers and Sheldon 1997) whenever the male care of young is critical for offspring survival (Gubernick and Teferi 2000) , or enables the rearing of larger offspring or larger litters (Woodroffe and Vincent 1994) . Indeed, although contributions by females in the present study were typically greater than those of their male mates, male social voles shared all parental activities other than having infants attached to the nipples, as is also seen in prairie voles (Lonstein and De Vries 2001; Solomon 1993) .
As illustrated by the present results, the total care given to offspring varied greatly among different pairs and did not correlate with the contribution by specific caretaker(s). Accordingly, similar proportions of maternal and paternal care could result in different total amounts of parental care in different pairs and a similar total amount of care could be divided differently in different pairs. One explanation for this variation is that inexperienced parents invest more than necessary to successfully rear offspring to weaning. Indeed, primiparous female prairie voles are more maternal than older, multiparous females (Lonstein and De Vries 2001) . Similarly, a lack of experience might partially account for intensive parental behavior in early postnatal days, whereas a decline in parental behavior in later postnatal period might also reflect the experience gained during the postnatal period. Another explanation for the 2-fold differences among pairs, as measured in the present study, is that parents in captivity do not have to spend energy in foraging and defending the nest, and can expend this surplus energy in caretaking of their young. Nonetheless, although intensive care might not be required for young survival, it might be essential for social development, as suggested for extending parental care and nursing beyond the minimal period required for weaning (German 1990; Makin and Porter 1984; Reinhold 2002) . Accordingly, prairie vole females that are raised to adulthood with their parents are highly maternal, indicating that continued parental presence promotes alloparental behavior (Lonstein and De Vries 2001) . Similarly, cross-fostering studies show that infants that obtain more intensive parental care display more intensive parental care as parents (McGuire 1988) .
Parental behavior in the social vole compared with other vole species.-Parental behavior in voles has been studied intensively, because various vole species have evolved different mating systems and patterns of parental behavior. Specifically, in monogamous voles such as prairie vole and pine vole (M. pinetorum), the female and male share the same nest and nurturing of young (Blake 2002) . Social voles also share space and nurturing, with the female and male living together or in extended families consisting of a reproductive pair and young of several recent litters (Cohen-Shlagman 1981; Mendelssohn and Yom-Tov 1999) and with males performing the same parental activities as females but at lower levels (Levy 1995) . In contrast, in promiscuous or polygamous species such as the montane vole (M. montanus) and meadow vole (M. pennsylvanicus), female and male often do not remain together in the same nest if there is sufficient cage space for 2 nests, and the female performs most of the parental tasks (Gruder-Adams and Getz 1985; McGuire and Novak 1984, 1986; Oliveras and Novak 1986) . Parental behavior of social voles resembles that of monogamous species. For example, time spent with young in social voles (72% of observation time in females and 52% in males in this study) is similar to that displayed by monogamous prairie voles (65% female, 63% male) and pine voles (56% female, 30% male), but not by the nonmonogamous montane voles (32% female, 1% male) and meadow voles (33% female, 6% male- Hofmann et al. 1989; McGuire and Novak 1984, 1986; Oliveras and Novak 1986; Solomon 1993) . Similarity in parental behaviors between social and prairie voles also extends to licking, retrieving, and having infants attached to nipples.
Parental behavior in the present study differs from that observed in social voles by Levy (1995) , who suggested that Levy (1995) contained data from observations on specific pairs and on the entire captive colony, observations were made from a limited side view of the parents crouching in the nest, and voles were also exposed to the experimenter who intervened by removing a parent or infants to test their behavioral response. The present study revealed large variability in the total amount of parental behavior given to offspring, in the contribution of each parent, and in the link between parental behavior and litter size. The finding that, with the exception of crouching, the amount of parental investment in primiparous females and their mates was independent of litter size, suggests attention in future studies and caution in considering the parental investment provided per infant. It is suggested that considering the entire litter as a unit (Blumberg-Feldman and Eilam 1995) could be the appropriate measure in developmental studies.
ACKNOWLEDGMENTS
This study is dedicated to the memory of Uri Marder, the former director of our research zoo and my friend, who unfailingly supported and guided my work with captive animals (DE).
We are grateful to the zookeepers of the I. Meier Segals Gardens for Zoological Research in Tel-Aviv University for maintenance of the vole colonies, and to N. Paz for editing this manuscript. This work was carried out under the guidelines for the capture, handling, and care of mammals as approved by American Society of Mammalogists and published in http://www.mammalogy.org/committees/index.asp.
